Increased X-linked inhibitor of apoptosis (XIAP) expression and suppressed follicular apoptosis are important determinants in the regulation of follicular development by FSH. The objective of the present study was to examine the role and regulation of nuclear factor-B (NFB) in the gonadotropic control of granulosa cell XIAP expression and follicular growth in vitro. FSH (100 ng/ml) increased rat granulosa cell XIAP mRNA abundance and protein content. The gonadotropin also induced granulosa cell p65 subunit-containing NFB translocation from cytoplasm to nucleus and increased NFB-DNA binding activity. Supershift EMSA indicated the FSHactivated NFB contained p65 and p50 subunits. T HE PRESENCE OF FSH is critical for the selection and survival of ovarian follicles during development (1-4). The gonadotropin has been shown to stimulate rodent ovarian follicular growth and facilitate preantral follicle development induced by IGF-I in vitro (5-8). In addition, FSH is an apoptosis suppressor for granulosa cells in vitro (9, 10). It is well established that the acquisition of FSH receptor(s) during follicular growth and their coupling to signaling pathways are key events in follicular development and dominance. Although cAMP is a well-established second messenger of FSH, other signal pathway(s), such as those of calcium/calmodulin and phospholipase C/protein kinase C/inositol 1,4,5-triphosphate, have also been suggested to play a role in gonadotropin action (11-13). The recent discovery of different isoforms of FSH receptor (i.e. FSH-R3), which result from hormone-induced receptor gene splicing (14), raises the possibility that FSH may be mediated through different receptors and signaling pathways. Furthermore, studies from our laboratory have demonstrated that equine chorionic gonadotropin (eCG) increases rat ovarian follicular phospho-Akt content in vivo (15), a response sensitive to the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002. Whether this response is a consequence of the direct action of gonadotropin or mediated through other ovarian factors is unclear.
T HE PRESENCE OF FSH is critical for the selection and survival of ovarian follicles during development (1-4). The gonadotropin has been shown to stimulate rodent ovarian follicular growth and facilitate preantral follicle development induced by IGF-I in vitro (5) (6) (7) (8) . In addition, FSH is an apoptosis suppressor for granulosa cells in vitro (9, 10) . It is well established that the acquisition of FSH receptor(s) during follicular growth and their coupling to signaling pathways are key events in follicular development and dominance. Although cAMP is a well-established second messenger of FSH, other signal pathway(s), such as those of calcium/calmodulin and phospholipase C/protein kinase C/inositol 1,4,5-triphosphate, have also been suggested to play a role in gonadotropin action (11) (12) (13) . The recent discovery of different isoforms of FSH receptor (i.e. FSH-R3), which result from hormone-induced receptor gene splicing (14) , raises the possibility that FSH may be mediated through different receptors and signaling pathways. Furthermore, studies from our laboratory have demonstrated that equine chorionic gonadotropin (eCG) increases rat ovarian follicular phospho-Akt content in vivo (15) , a response sensitive to the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002. Whether this response is a consequence of the direct action of gonadotropin or mediated through other ovarian factors is unclear.
The inhibitor of apoptosis (IAP) family, first identified in baculovirus, includes X-linked IAP (XIAP or cIAP-3), human IAP-1 (HIAP-1 or cIAP-2), human IAP-2 (HIAP-2 or cIAP-1), neuronal apoptosis inhibitory protein, Survivin, and Livin (16 -18) . Although only a few reports to date have addressed the subcellular action of these antiapoptotic proteins, XIAP, HIAP-1, and HIAP-2 have been shown to be direct inhibitors of caspase-3 and caspase-7 (19) and to modulate the Bax/ cytochrome C pathway by inhibiting caspase-9 (20) . In the ovary, XIAP is up-regulated by gonadotropin and necessary for follicular development in vivo (21) and in vitro (7) . Preliminary studies have shown that although down-regulation of XIAP by antisense expression induces follicular cell apoptosis, XIAP overexpression suppresses cell death (22) . Although these findings indicate that XIAP plays an important role in follicular cell survival, the signaling mechanism(s) involved in the gonadotropic regulation on XIAP expression is unclear.
Nuclear factor B (NFB) is a group of inducible dimeric transcription factors. They are composed of DNA-binding proteins (Rel) that recognize a common sequence motif on the NFB-regulated genes. It has been demonstrated that NFB activation increases the expression of genes involved in the inflammatory response (23) and prevention of TNF␣-induced apoptosis, such as zinc finger protein A20 (24) , and members of the Bcl-2 (25) and IAP (26) families. Other studies have shown that XIAP and HIAP-1 have NFB-binding motif at their 5Ј end nontranslational regions and that IAP expression is NFB activation dependent (27) (28) (29) . If and how gonadotropic regulation on XIAP expression is mediated through the NFB pathway is unknown.
Delfino and Walker (30) reported that FSH increases NFB DNA-binding activity in rat Sertoli cells. Previous studies from our laboratory have demonstrated that TNF␣ increases rat granulosa cell XIAP content via the NFB pathway in vitro (29) . However, if and how NFB activation plays a role in the gonadotropic control of the granulosa cells fate (survival vs. apoptosis) during follicular development has not been investigated. The objective of the present study was to assess the possible involvement of the NFB pathway in the gonadotropic regulation of granulosa cell XIAP expression and follicular growth in vitro.
Materials and Methods Materials
Culture media and fetal bovine serum (FBS), Trizol, deoxynucleotide triphosphate (dNTP), and Moloney murine leukemia virus-reverse transcriptase (RT) were purchased from Gibco Bethesda Research Laboratories (Burlington, Ontario, Canada). Oligo dT and RNase inhibitor were products of Ambion, Inc. (Austin, TX). HotStarTaq DNA polymerase, RNeasy minikit, PCR purification kit, and the Effectene transfection reagent were from QIAGEN Inc. (Mississauga, Ontario, Canada). Lowmelting-point agarose, Triton X-100, Tween 20, eCG 
Transient transfection
Rat granulosa cells were seeded in 60-mm dishes (1 ϫ 10 6 cell/dish) and transfected the following day with 4 g of the expression vector pcDNA3.1/CT-GFP alone, pCMV, or pCMV containing mutated IB, using the Effectene transfection reagent. Twenty-four hours after transfection, cells were treated with FSH (100 ng/ml) or TNF␣ (20 ng/ml) for 30 min and then harvested for further analyses. Transfection efficiency, defined as the percentage of pcDNA3.1/CT-GFP transfected cells with fluorescent signal, was 30%.
Follicular isolation and culture
Ovaries from 22-to 24-d-old rats were cut into small pieces and incubated (37 C, 30 min) in ␣-MEM medium containing collagenase (type 1A, 4 mg/ml) and DNase 1 (0.3 mg/ml). The incubation was terminated with the transfer of the ovarian tissues into Leibovitz's l-15 medium with bovine serum albumin (BSA) (0.1%), and follicles (160 -210 m) were dissected using 28 1 ⁄2-gauge needles. To minimize the experimental variation because of damages incurred during the isolation procedures, only follicles judged to be normal (with oocyte and granulosa cells completely enclosed by the basement membrane and the theca layer) were selected for experiments on both the day of isolation (d 0) and on d 1 of culture (7) . Confocal microscopic (M500, Bio-Rad Laboratories, Inc. Ltd., Hertfordshire, UK) examination of the selected follicles [following fixation with paraformaldehyde (4%; 30 min, RT) and staining with ethidium bromide (5 mg/ml; 15 min, RT)] revealed that they were at the preantral (75%) and early antral (25%; as evident by the presence of an antral space as large as an area occupied by about three granulosa cells) stages of development. Selected follicles were cultured individually for 6 d in 96-well plates in 100 l follicular culture medium [␣MEM medium supplemented with HEPES (10 mm), BSA (0.1%), rat serum (1%), bovine insulin (5 g/ml), transferrin (10 g/ml), ascorbic acid (25 g/ml), sodium selenium (1 ng/ml) (32), nonessential amino acids (1%), streptomycin-penicillin (0.5%), and fungizone (0.25%)] with or without FSH. The follicular size was determined daily before the medium change during the 6-d culture duration. The changes in follicular volume were defined as volume difference between day n and d 0.
Protein extraction and Western blot analysis
Changes in protein [XIAP, total-and phospho-inhibitory NFB (T-IB, p-IB), total-and phospho-Akt (T-Akt, p-Akt)] contents were assessed by Western blot as previously described (21) . Granulosa cells attached and detached from the growth surface were harvested (0.25% trypsin, 37 C, 3 min) and pelleted. Whole-cell lysate was extracted by addition of ice-cold lysis buffer [PBS, Nonidet P-40 (1%; vol/vol), sodium deoxycholate (0.05%; wt/vol), SDS (0.1%; wt/vol)] containing protease, phosphatase, and kinase inhibitors [PMSF (10 m), aprotinin (50 g/ml), sodium orthovanadate (1 mm), sodium pyrophosphate (Nappi, 10 mm), leupeptin and pepstatin (both 5 g/ml)]. Nuclear and cytoplasmic fractions from granulosa cells were prepared with the NE-PER kit (Pierce Chemical Co. Biotechnology), according to manufacturer's instructions. Cells were sonicated (5 sec/cycle, three cycles; 0 C), incubated on ice (30 min), and centrifuged (15,000 ϫ g; 30 min.). The sonicates were pelleted and the supernatant was retained and stored at Ϫ20 C. Protein content of the extracts was determined with the DC protein assay reagent (Bio-Rad Laboratories, Inc.). Samples were mixed with loading buffer, boiled for 5 min to denature proteins, resolved by 10% SDS-PAGE, and electrotransferred (30 V, overnight) onto nitrocellulose membranes. Each membrane was stained and scanned for total protein with Ponceau S (0.2%) before immunoblotting. After blocking 1 h in 5% Blotto [Tris-HCl (10 mm; pH 8.0), NaCl (150 mm), Tween-20 (0.05%; vol/vol) (TBS-T) containing skim milk (5%; wt/vol)], membranes were incubated with primary antibodies (RT, 3 h; or 4 C, over night) in TBS-T containing 5% nonfat milk, and subsequently with HRP-conjugated secondary antibody (1:5000ϳ10,000) in TBS-T with 5% milk (RT, 45 min). Peroxidase was visualized with the ECL kit according to the manufacturer's instructions. The signal of specific protein (e.g. XIAP, Akt, p-Akt, IB, and p-IB) was scanned and determined by dividing its signal intensity by that of the corresponding total protein to correct for any loading difference between lanes. The intensity of protein of interest was densitometrically determined, using Molecular Analyst software version 1.4 (Bio-Rad Laboratories, Inc. Mississauga, Ontario, Canada), and expressed as fold of control before statistical analyses and presentation.
EMSA
Nuclear extracts of rat granulosa cells were prepared as previously described but with minor modifications (33) . Briefly, 3 ϫ 10 6 cells were pelleted (200 ϫ g; 5 min) and resuspended in 30 l cold buffer A [HEPES (10 mm), pH 7.9; KCl (10 mm); MgCl 2 (1.5 mm); DTT (0.5 mm); PMSF (0.5 mm); Nonidet P-40 (0.67%)]. Cells were vortexed (15 sec) and placed on ice to swell (15 min), and then centrifuged (16,000 ϫ g, 4 C, 20 min). The supernatant was collected and stored at Ϫ80 C. The cell pellet (containing cell nuclei) was resuspended in 30 l buffer B [HEPES (20 mm), pH 7.9; NaCl (0.4 m); EDTA (0.2 mm); MgCl 2 (1.5 mm); DTT (0.5 mm); PMSF (0.5 mm)] and vortexed vigorously (4 C, 15 min). The nuclear extract was centrifuged (10,000 ϫ g, 30 min) and stored at Ϫ80 C. Double-stranded DNA oligonucleotides containing consensus sequences for the NFB binding site was 32 P-labeled with [␥ Ϫ32 P]-ATP and T 4 polynucleotide kinase. Nuclear proteins (8 g) were incubated with radiolabeled DNA probes (RT, 20 min) in the binding buffer. For supershift assays, nuclear proteins were incubated (RT; 1 h) with antimouse p65 and p50 polyclonal antibodies (4 g) before the addition of the labeled DNA probes. Nuclear acid-protein complexes were resolved on a native 5% polyacrylamide gel in Tris-buffered EDTA (1ϫ; pH 8.0) and detected by autoradiography.
Quantification of XIAP mRNA by RT-PCR
Rat granulosa cells were plated in RPMI 1640 with 10% FBS for 24 h and subsequently incubated with FSH at various concentrations (25-100 ng/ml) for another 6 h. Total RNA was isolated from cultured cells with Trizol reagent or RNeasy minikit (QIAGEN Inc.), according to manufacturer's instructions. One microgram total RNA was reverse transcribed for cDNA synthesis, using oligo-dT as primer. One-tenth of the cDNA synthesized was then amplified with the following primers: rat XIAP [forward: 5Ј-GGTGGACAAGTCCTATTTTCAA-3Ј (228 -249), reverse: 5Ј-TCCTGATTACTTAAAGTCGATTCACA-3Ј (628 -602)]; ␤-actin [forward: 5Ј-GAAACTACCTTCAACTCCATC-3Ј, reverse: 5Ј-CG-AGGCCAGGATGGAGCCGCC-3Ј]. The samples were denatured (95 C for 15 min), amplified for 30 cycles (XIAP) or 25 cycles (␤-actin) at 94 C for 45 sec, 56 C for 1 min, and 72 C for 1 min, with the last cycle at 72 C extended for 15 min. A different number of cycles (15, 20, 25, 30 , and 35) was tested for XIAP RT-PCR, and 25 and 30 cycles were found to produce PCR products in the linear range of the analysis. Samples were resolved on a 2% agarose gel and visualized with ethidium bromide. The fluorescent image of ethidium bromide-stained PCR products were captured using the Gel Doc 1000 system (Bio-Rad Laboratories, Inc.) and densitometrically quantified by the Molecular Analyst Program (version 1.4). XIAP mRNA abundance was normalized against its respective ␤-actin mRNA and expressed as fold of control before statistical analysis.
Immunocytochemistry
Rat granulosa cells, cultured for 6 h on chamber slides in the absence and presence of FSH (100 ng/ml), were fixed (RT, 20 min) with paraformaldehyde (4%), permeabilized with Nonidet P-40 (0.5%) in PBS [NaCl (137 mm), Na 2 HPO 4 (8.10 mm), KCl (2.68 mm), KH 2 PO 4 (1.47 mm)] and quenched in ammonium acetate (50 mm). They were incubated with monoclonal p65 antibody (1:50) in PBS containing BSA (0.1%; RT, 1 h) and subsequently with HRP-conjugated secondary antibody (RT, 1 h) and stained with diaminobenzidine mix.
Statistical analysis
Results are expressed as the mean Ϯ sem of three experiments. Statistical analysis was carried out by one-or two-way ANOVA. Ratio data (mRNA or protein content defined as fold of control) were Acrisine square root transformed before ANOVA. Significant differences between treatment groups were determined by the Tukey test. Statistical significance was inferred at P Ͻ 0.05.
Results
FSH significantly increased both granulosa cell XIAP mRNA abundance and protein content (P Ͻ 0.01; Fig. 1A ) in a concentration-dependent manner, reaching a plateau at 100 ng/ml. Because SN50 is known to bind to the nuclear localization signal of NFB and consequently blocked its translocation from the cytoplasm to the nucleus (34), the influence of this cell-permeable peptide on XIAP expression induced by FSH was assessed (Fig. 1B) . Pretreatment of the cells with   FIG. 1 . In vitro effects of FSH and SN50 on granulosa cell XIAP mRNA abundance and protein content. A, Rat ovarian granulosa cell from eCG-primed immature rats were cultured in the presence of FSH (0 -200 ng/ml). B, Granulosa cells were pretreated with SN50 (cell-permeable NFB translocation inhibitor) or SM50 (mutated inactive peptide, as control) and cultured with FSH (100 ng/ml). XIAP mRNA (6 h) and protein content (24 h) were determined by RT-PCR and Western blot, respectively. Representative images (top) and densitometric analysis (bottom; expressed as fold of control) are shown. Mean Ϯ SEM of three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01, compared with control.
SN50 resulted in a marked decrease in FSH-induced XIAP expression, whereas the control peptide SM50 was ineffective. Two-way ANOVA indicated a significant concentration and treatment effects on XIAP mRNA abundance (P Ͻ 0.01 for both) and protein content (P Ͻ 0.05 and P Ͻ 0.001, respectively) as well as a significant interaction between these factors in the message (P Ͻ 0.05) and protein (P Ͻ 0.01) levels. In the presence of SN50, the decrease in XIAP protein content appeared to be greater than that in mRNA abundance (P Ͻ 0.05; Fig. 1B) .
To confirm the involvement of NFB translocation in this process, the subcellular localization of p65 subunit-containing NFB was assessed by immunocytochemistry ( Fig. 2) and cell fractionation-Western blotting (Fig. 3) , using an anti-p65 antibody. Although p65 was predominantly found in cytoplasm in control cells, addition of FSH to the granulosa cell incubations markedly increased the immunoreactivity of p65 in the nucleus. SN50, but not its control peptide SM50, effectively blocked this response (Fig. 2) . Western blot on nuclear and cytoplasmic extracts from cells treated for different durations with FSH (Fig. 3) indicated that the gonadotropin induces time-dependent and concomitant changes in p65 contents in cytoplasmic (P Ͻ 0.05) and nuclear fractions (P Ͻ 0.01), resulting in a rapid increase in the nuclear/cytoplasmic ratio of the protein (P Ͻ 0.01). Taken together, the above findings suggest that FSH-induced granulosa cell XIAP expression is mediated through NFB translocation from cytoplasm to nucleus.
To determine whether FSH-induced translocated NFB is indeed biologically active, the effects of FSH on NFB-DNAbinding activity were tested by EMSA (Fig. 4) . FSH increased the binding of NFB to DNA in a concentration- (Fig. 4A ) and time-dependent (Fig. 4B ) manner, with a maximum and earliest observable response at 100 ng/ml and 10 min, respec- tively. When granulosa cells were pretreated with SN50 or SM50 (50 -200 ng/ml) before the gonadotropin challenge, the increased NFB-DNA-binding activity was suppressed by the active peptide (but not by SM50) in a concentrationdependent manner. Incubation of the nuclear extracts with anti-p65 or p50 antibody before EMSA resulted in the appearance of slower mobility signals (supershift; Fig. 4D ). In contrast, incubation of the nuclear extracts with IgG (as negative binding control) was ineffective and resulted in NFB-DNA-binding activity similar to that observed with extracts incubated without antibody or IgG (control). These findings are consistent with the hypothesis that up-regulation of XIAP by FSH is mediated through the activation of NFB, which involves the p65 and p50 subunits.
It is well established that NFB activation is mediated by IB kinase (IKK) activation and subsequent IB-phosphorylation and degradation (34) . To test whether the FSHinduced NFB activation is also IB dependent, changes in granulosa cell total IB and phospho-IB contents following FSH challenge as well as the influence of a dominantnegative IB on NFB activation and XIAP content were assessed. FSH (100 ng/ml) had no effects on both p-IB and total IB contents during the experimental period (0 -30 min; Fig. 5A ). In addition, overexpression of the dominant negative IB (as confirmed by T-IB Western blot) failed to suppress the FSH-induced NFB-DNA-binding activity and XIAP expression (Fig. 5B) . In contrast, TNF␣ (20 ng/ml), an established inducer of IKK-mediated NFB activation (P Ͻ 0.01, Fig. 5B ), markedly increased the p-IB level and decreased total IB content after 5 and 15 min of exposure but with both responses returning to basal level at 30 min (Fig.   5A ). Whereas extracts from granulosa cells transfected with the mutated IB construct suppressed TNF␣-induced NFB-DNA-binding activity and XIAP contents (P Ͻ 0.01 and P Ͻ 0.05, respectively, Fig. 5B ), the dominant-negative IB has no significant effect on these responses induced by FSH.
Gonadotropins have been shown to activate granulosa cell PI3K/Akt pathway in vivo (15) and in vitro (35) . PI3K/Akt signaling pathway is known to play a role in IGF-1-mediated granulosa cell survival (36, 37) , oocyte maturation (38, 39) , and fetal oogenesis (40) . IGF-1 and TGF␣ induce rapid Akt phosphorylation in hen granulosa cells of preovulatory follicles, the inhibition of which by the PI3K inhibitor LY292004 leads to apoptosis (41) . To determine whether this signal pathway is involved in the FSH-induced NFB activation, the influence of FSH on phospho-and total-Akt contents (Fig.  6 ) and the effect of the PI3K inhibitor LY292004 (Fig. 7A) or wortmannin (Fig. 7B) on FSH-induced NFB-DNA-binding activity and XIAP protein content were assessed. Concentration-response studies indicated that, although ineffective on granulosa cell total Akt content, FSH significantly increased phospho-Akt levels (P Ͻ 0.05; Fig. 6 ). Pretreatment of granulosa cells with LY292004 (1-20 mm) or wortmannin (25-150 nm) before FSH (100 ng/ml), suppressed the FSHactivated NFB-DNA-binding activity (P Ͻ 0.01) and XIAP content (P Ͻ 0.01) in a concentration-dependent manner (Fig. 7) . Preliminary studies from our laboratory have shown that FSH stimulates XIAP expression and the growth of rat ovarian follicles in culture (22) . To assess whether FSH-induced granulosa cell NFB activation is important in the gonadotropic regulation in follicular growth, preantral and early antral follicles were cultured with SN50 (100 ng/ml; SM50 as control) in the absence and presence of FSH (100 ng/ml). Although follicles cultured in the absence of FSH but presence of SM50 showed a minimum growth in a 6-d culture period, addition of FSH significantly increased follicular volume (P Ͻ 0.001; Fig. 8 ). Pretreatment of follicles with SN50 before FSH addition resulted in a significant decrease in FSH-induced follicular growth (P Ͻ 0.01, FSH ϩ SN50 vs. FSH ϩ SM50 by repeated measurement two-way ANOVA; Fig. 8 ).
FIG. 6. FSH increases phospho-Akt but not total Akt contents in granulosa cells in vitro.
Granulosa cells were cultured for 30 min with different concentrations of FSH (0 -150 ng/ml). Whole-cell lysates were extracted (30 min after FSH) and Akt (total-and phospho-Akt) contents were measured by Western blot. Representative images (top) from three independent experiments and densitometric analysis (bottom) of Akt contents (defined as fold of control) are shown. Mean Ϯ SEM of three independent experiments. *, P Ͻ 0.05, compared with control.
FIG. 5. Influence of TNF␣ and FSH on phospho-IB, total IB (A).
Granulosa cells were incubated with FSH (100 ng/ml) or TNF␣ (20 ng/ml) for different duration (0 -60 min). Phospho-IB, total-IB contents were measured by Western blot. Effects of overexpression dominant-negative IB on NFB-binding activity induced by TNF␣ or FSH (B). Granulosa cells were transfected with pCMV or pCMV-IB-DN (4 g, 24 h) before TNF␣ (20 ng/ml) or FSH (100 ng/ml) treatment. Nuclear proteins were extracted (30 min after TNF␣ or FSH) and NFB-binding activity was assessed by EMSA. XIAP and total IB contents were measured by Western blot from whole-cell lysate (24 h after TNF␣ and FSH). Representative images (top) and densitometric analysis (bottom) of XIAP protein contents and NFB-DNA-binding activity (as fold of control) are shown. Mean Ϯ SEM of three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01 (compared with control); ϩ, P Ͻ 0.05; 2ϩ, P Ͻ 0.01 (compared with cells transfected with pCMV-IB-DN and treated with TNF␣).
Discussion
Although the NFB family of transcription factors is an important intracellular mediator of extracellular signals in a number of biological systems, whether they play a role in the gonadotropic regulation of ovarian follicular development, is not known. The present study demonstrated for the first time that FSH up-regulates XIAP expression and follicular growth through NFB activation. FSH induced p65-containing NFB translocation from cytoplasm to nucleus and increased NFB-DNA-binding activity shortly after gonadotropin challenge, a phenomenon that could be attenuated by SN50, a cell-permeable inhibitory peptide of NFB translocation. Based on supershift EMSA results, the FSH-activated NFB contains p56 and p50 subunits. The gonadotropininduced XIAP expression was also suppressed by SN50 (but not SM50, its inactive peptide), indicating that NFB is the mediator of this response. Interestingly, FSH also increased NF␤-DNA-binding activity in Sertoli cells, which exhibited higher basal levels of NF␤-stimulated reporter gene expression. The activated NFB appeared to involve the p50 and p65 subunits and was specific to the stage of spermatogenesis (30) . However, unlike the present studies, these investigations did not demonstrate the physiological function of FSHactivated NFB, particularly in relation to regulation of a specific gene transcription in this testicular cell type.
There has been considerable progress in the current understanding of the signaling mechanism in NFB activation by cytokines, such as TNF␣ and IL-1␤ (42) . TNF␣ activates IKK, which is responsible for IB phosphorylation at serine 32 and 36. IB␣ is consequently ubiquitinated and degraded by 26S proteasome, resulting in the unmasking of the nuclear localization signal of NFB and its translocation to the nucleus. TNF␣ increases nuclear NFB-DNA-binding activity via this classical pathway. In contrast, FSH increases NFB translocation and DNA binding without detectable changes in phospho-IB or total IB contents and degradation. Furthermore, overexpression of dominant-negative IB (mutation at the phosphorylation sites) also failed to suppress FSH-induced NFB activation and XIAP expression but effectively attenuated the responses induced by TNF␣. These findings demonstrate, for the first time, that FSH activates NFB through a pathway independent of IB phosphorylation and degradation.
In the present studies, we have demonstrated that FSH increases granulosa cell phospho-Akt content and NFB-DNA-binding activity, the latter response being readily suppressed by the presence of LY294002 or wortmannin. Likewise, FSH-induced XIAP expression is sensitive to these PI3K were cultured individually in 96-well plate and pretreated with SN50 or SM50 (100 ng/ml) and cultured in the absence or presence of FSH (100 ng/ml) for up to 6-d period. Follicular diameter was measured daily and changes in follicular volume is defined as the differences in volume between day n and day 0. The follicular volume at d 0 was 2.2 Ϯ 0.25 nl (n ϭ 20). Mean Ϯ SEM of three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01, compared with control.
inhibitors. Taken together, these findings suggest that the NFB activation and subsequent XIAP gene expression in response to FSH is PI3K dependent. Recently Koul et al. (43) also reported that the tumor suppressor PTEN, an endogenous antagonist of PI3K, inhibits IL-1␤-induced NFB activation in glioma cells without interfering with the IB phosphorylation and degradation pathway. Furthermore, IL-1 increases phosphorylation of p65 and p50 subunits of NFB and subsequent activation of NFB pathway, which was blocked by LY294002 (44). These findings not only are consistent with our concept that FSH-induced XIAP expression is mediated through PI3K-dependent NFB pathway but also raise the possibility that the increase of granulosa cell PI3K activity in response to the gonadotropin may involve NFB phosphorylation. Whether NFB phosphorylation is a result of the direct action of an activated Akt or secondary to the phosphorylation and activation of an as-yet-unknown downstream kinase(s) remains to be investigated.
Using a follicle culture system, we have previously demonstrated that FSH induces follicular XIAP expression, suppresses granulosa cell apoptosis, and stimulates follicular growth in vitro (7) . The present studies suggest that although FSH activates a granulosa cell PI3K-dependent NFB pathway, addition of SN50 to follicle cultures attenuates FSHinduced follicular growth, supporting our hypothesis that FSH-induced follicular growth involves suppression of apoptosis mediated by a cell survival factor (e.g. XIAP) and NFB activation by PI3K. Consistent with this concept is the recent demonstration that the PI3K pathway is involved in NFB-mediated Bcl-X L gene expression during CD40 signaling (45) . In contrast, evidence also exists in Theileria-transformed leukocytes that activation of the PI3K-Akt pathway is not directly linked to NFB (46) . The PI3K-Akt pathway does not contribute to the persistent induction of IB␣ phosphorylation as well as NFB and transcriptional activation. In human endothelial cells, TNF␣ and IL-1 activate a PI3K/ Akt pathway and that the antiapoptotic effect of Akt is also independent of NFB (47) . These results raise the possibility that the NFB dependence of the PI3K cell survival pathway may be agonist and cell type specific.
The role of cAMP in NFB activation in granulosa cells is not known. It is well established that FSH increases the granulosa cell cAMP level and activates protein kinase A (PKA) (48) . PKA is known to directly phosphorylate NFB p65, promote its association with coactivators and consequently increase NFB transcriptional activity in LPS-challenged 70Z/3 cells (49, 50) . In addition, activation of NFB in HeLa and B cells by TNF␣ is associated with phosphorylation of IB␣, NFB precursors, and p65 subunit and is modulated by the presence of shrimp alkaline phosphatase or potato acid phosphatase (51) . Stimulation of Sertoli cells with activators of the cAMP-PKA signaling pathway (e.g. forskolin or FSH) also increases NFB-DNA-binding activity. Although preliminary data from our laboratory have shown that cAMP can mimic FSH in XIAP up-regulation in rat granulosa cells, whether and how the cAMP/PKA pathway is involved in the FSH-induced, NFB-mediated XIAP expression in granulosa cells remains to be determined.
In conclusion, our findings support our hypothesis that the binding of FSH to granulosa cell receptor induces NFB activation and translocation to the cell nucleus and increases XIAP gene transcription. This process is mediated through the PI3K/Akt pathway and is IB phosphorylation and degradation independent. However, whether the increase in XIAP mRNA observed in the present studies was indeed a consequence of increased gene expression and/or increased mRNA stability requires further experimentation. Moreover, whether and how the cAMP/PKA pathway is involved in this regulation remains to be investigated.
